This paper describes a simulation project performed of a closed-loop manufacturing cell. Analysis was done for an existing cell and for an enhanced version of the existing cell. This paper explores how different desired throughput rates, equipment configurations, part mixes, and fixture options affect system performance.
Section 2 describes the existing manufacturing cell and discusses some characteristics of closed-loop systems. Section 3 presents the objectives defined at the beginning of the project.
Section 4 describes the production data files used to drive the simulation model. Section 5 discusses steady state issues and describes the procedures used to ensure statistically valid simulation results. Section 6 describes the steps taken to validate the model. Section 7 discusses concepts associated with cycle time in the manufacturing cell. Sections 8, 9 and 10 present the results of various sets of analyses performed during this project. Section 11 summarizes this project.
In order to not disclose confidential information, the numbers presented in this paper do not represent actual system parameters or simulation outputs, but rather are artificial and have been included to help illustrate system logistics and simulation findings.
EXISTING SYSTEM DESCRIPTION
The existing manufacturing cell produces a large variety of parts in relatively small production quantities.
The cell has seven types of machines each performing a unique manufacturing operation. This paper refers to the seven machines and corresponding operations as A, B, C, D, E, F and G. All part types visit every machine and always in the same order. The system also contains staging positions that act as queues prior to operations A and B.
Parts are handled on fixtures in the system. Each part type requires a unique fixture.
Prior to beginning processing, a part is placed onto a corresponding fixture at A. The part is then moved through the system to B, C, D, E, F and G while remaining on the fixture. The finished part is removed from the fixture at G after processing has been completed. Fixtures are moved between G and A without a part.
This system is closed-loop in that the number of fixtures in the system is limited, and each fixture in the system continually cycles through the seven operations. When the desired quantity of a particular part has been produced, the fixture used to produce that part is removed from the system and another fixture is brought into the system. Once in the system, a given fixture can visit any of the machines performing operations A, B, D, E, F or G. However, the machines performing operation C are set up for a particular fixture type, and therefore a fixture can only visit operation C machines set up for that fixture type. There may or may not be more than one fixture of a particular type in the system at a given file contained the schedule of parts to be produced in the system. The schedule specified the part number, the quantity to be produced, and the number of fixtures that the scheduler wanted in the system to produce each part. The more fixtures in the system for a given part, the quicker that part's scheduled quantity could be produced.
STATISTICAL VALIDITY OF SIMULATION RESULTS
This system is non-terminating, and therefore we were interested in the steady-state behavior of the system. Non-terminating systems have an initial transient phase, or warm up period, due to the significance of the starting conditions. Also, simulation outputs in a non-terminating system tend to be highly correlated, and this output bias must be taken into account when determining how simulation statistics are to be collected.
This section discusses the techniques used to determine the simulation run parameters required to achieve steady-state behavior.
The simulation always begins with the system empty and idle. To estimate the warm up period, cycle time observations for each fixture were collected and graphed using moving average plots.
These plots indicated that the effects of the transient phase were no longer apparent after six shifts, and therefore simulation statistics were cleared after six shitls.
Correlograms
were used to determine how many shifts of data were required for the simulation output to be statistically unbiased. operation to the next, and no fixture is ever moved to or from a staging position. In this perfect scenario, each fixture is moved seven times per cycle. However, the nature of this particular cell makes it possible for the system to gridlock in certain situations, thereby not permitting any fixture to be moved. To prevent gridlock, the cell contains temporary staging positions, and fixtures may be moved to these staging positions both prior to and after operation A. The automatic material handling logic determines when it is necessary to move a fixture temporarily to a staging position.
Whether or not a fixture visits a staging position during its cycle is very important in that the time requirwl for an additional move is added to the fixture's cycle time.
As the number of moves increases, cycle times increase.
As cycle times increase, more fixtures are required in the system to achieve the same throughput. As the number of fixtures in the system increases, the greater the likelihood of additional moves. Obviously, any situation requiring additional moves will start this cycle. Therefore, the number of fixtures allowed in the system must be chosen carefully so as to minimize the number of additional moves required, while maximizing the allowed cycle time permitted to achieve the desired throughput for a given equipment configuration.
Conceptually 
PART MIX AND FAILURE SENSITIVITY ANALYSES
The cell's current configuration and part mix was analyzed to determine how equipment failures and different part mixes affected system throughput. These sensitivity tests were done prior to other analyses because analysis time was limited. Also the number of possible perturbations, considering all the options being modeled, was very large. Therefore, the decision was made to assess the relative impact of these factors on the current cell configuration and to assume for the moment that a similar impact would be felt on a cell with a different configuration.
Analysis of different part mixes indicated that the system throughput varied significantly for different part mixes.
This result was anticipated because processing times for different part types also vary significantly. However, preliminary results emphasized the importance of optimizing the number of each type of machine for a given part mix. Analysis of failures indicated that failures had a relatively small, though measurable, impact on system throughput.
Given these results, failures were ignored for the majority of the analyses performed. Rather, emphasis was placed on understanding the relative differences in throughput between competing options, not on the absolute system throughput for a given option.
TWO-CELL SYSTEM ANALYSIS
The two-cell system contains two relatively independent, mirror-image cells, each with their own material handling.
However, these material handling systems were permitted to both service the operation A machines, the highest utilized machines. In this option, parts from one cell could be processed at operation A machines in either cell. For all subsequent operations, parts had to be processed at machines in their home cell.
The advantages and disadvantages of this option were relatively obvious going into the analysis. On the positive side, flexibility was added to the system in that parts could be processed at operation A machines in either cell. On the negative side, intermixing material handling systems made it possible for the two material handling systems to interfere with one another. The purpose of the simulation was to determine if either of these advantages or disadvantages had a significant impact on system throughput.
For this analysis, both cells were identical in that they produced the same part mix and had the same number of machines and fixtures. In regard to adding flexibility, the simulation showed there was no significant benefit derived from the ability to share operation A machines.
This result turned out to be relatively intuitive in that both cells were doing the same things; therefore, operation A machine utilizations in both cells were the same. Also, there was very little material handling interference because there was no reason for a fixture from one cell to be processed at a machine in the other cell since utilizations were the same. Basically, having an integrated two-cell system was identical to having two independent one-cell systems.
ENHANCED CELL ANALYSIS
The enhanced cell had the following modifications.
First, the number of operation A machines was increased. Second, the speed of the material handling resource was increased thereby reducing move times.
Third, operations F and G were combined and performed at one machine, thereby reducing by one the number of required material handling moves per cycle.
Finally, the number of operation B machines was increased.
Adding Dedicated Buffering at Operation A Machines
Prior to starting a complete analysis of the enhanced cell, an analysis was done to compare the performance of the enhanced cell with and without shuttle devices at A.
With shuttle devices, each machine has an input position and an output position. The material handling resource deposits a new fixture at the input position, and a shuttle device moves the fixture to the machine.
Upon completion of processing, the fixture is shuttled away from the machine and the material handling resource moves the fixture to its next operation. The primary reason for considering adding a shuttle device was to add input and output buffering at operation A. Input buffering helps ensure that a machine always has more work to do while output buffering helps ensure that a machine is never blocked.
Adding buffering at A also reduces the need to move a fixture to a staging position, thereby potentially reducing the number of moves per cycle.
Simulation analysis showed that adding shuttles at A causes system throughput to decrease. With the added capacity, the operation A machines were no longer bottleneck resources, and therefore buffering was not needed. Also, the average number of moves per cycle deereased only slightly beeause the lower machine utilizations minimized the need to use the staging positions.
Performance decreased when the shuttle was added because two shuttle moves were added to each cycle.
The time required to perform these moves caused actual cycle times to exceed theoretical cycle times. Based on these results, the remainder of the enhanced system analysis was done without the shuttle.
Enhanced Cell Sensitivity Analysis
A series of simulation runs were performed to determine the system throughput associated with various part mixes, numbers of operation C machines, and numbers of fixtures.
Part mix affects throughput because different parts require different processing times. Analysis showed that selecting the appropriate number of operation C machines and fixtures for a given part mix had a significant effect on system throughput. However, if a particular configuration caused the material handling device to become fully utilized, then changing the part mix had little effeet on system throughput because material handling was the limiting factor, not the processing times of the different parts.
Analysis showed that increasing the number of operation C machines andlor fixtures increased system throughput up to the point that material handling becomes fully utilized.
When material handling is fully utilized, too many fixtures in the system greatly increases the number of moves to and from staging positions.
Additional moves in turn cause material handling utilizations to increase further, thereby causing system throughput to drop dramatically.
Analysis also showed that increasing the number of operation C machines is more beneficial than adding duplicate fixtures.
Operation C machines can be added without increasing the likelihood of moves to and from staging positions.
Adding duplicate fixtures increases the likelihood of additional moves, thereby increasing material handling utilization. For the assumptions associated with the enhanced cell, the simulation was able to indicate the optimal number of operation C machines and fixtures for a given part mix. The simulation also ruled out those part mix fconfiguration scenarios that caused parts to be late moving between C and D.
Sensitivity Analysis of Move Times
The "baseline" enhanced cell assumed that move times could be decreased by 20 percent, which directly
